 0.41 5:0.20 (SD), LO0 5: 0.10, 1.03 5: 0.10, L08 5:0.13 and 
Accepted for publication 10th October, 1992. In 1991 we developed a modified pulmonary artery catheter (continuous arterial thermodeprivation system catheter; KATS catheter) which is capable of continuous monitoring of cardiac output by thermodeprivation. 1 A specially designed thermistor (KATS thermistor) is incorporated into the tip of the catheter along with the usual thermistor for conventional thermodilution cardiac output measurement. The KATS thermistor, heated by a constant, low electric current, is cooled by blood flow around it. Since the degree of thermodeprivation, as detected by a decrease in temperature of the thermistor, is proportional to the blood flow velocity around it, the KATS thermistor can continuously measure blood flow velocity in the pulmonary artery (PA). Cardiac output can be continuously calculated from the temperature signal of the KATS thermistor, once the value of the crosssectional area is derived from a single-point thermodilution measurement. It is assumed that the cross-sectional area of the PA is constant.
The accuracy of the KATS catheter system in a clinical setting depends on the uniformity of blood flow velocity in the PA. Small movement of the catheter tip within the PA, inevitable in an in vivo beating heart, may produce errors in cardiac output calculation if there is uneven distribution of flow velocity within the PA. The proftle of blood flow velocity in the PA was measured by use of the KATS thermistor in acutely instrumented open chest dogs to assess these potential errors.
Methods

Surgical preparation
The experimental study was approved by the Institutional Animal Care and Use Committee. Seven mixed-breed dogs weighing 11.0-15.5 kg were anaesthetized with pentobarbitone sodium (30 mg. kg -~ /v), their tracheas intubated, and their lungs ventilated with a pressure-preset time-cycled ventilator (Newport El00, Newport Medical Inc. Ca). Anaesthesia was maintained by bolus intravenous injections of pentobarbitone. Ventilator settings were adjusted to maintain arterial blood gases within the normal range. A large-bore catheter was placed in a femoral vein for injection of drugs and fluids. A polyethylene catheter was advanced via a femoral artery into the thoracic aorta for measurement of arterial pressure and sampling of blood gases. A left thoracotomy was performed, and the pericardium was opened via a longitudinal incision. An electromagnetic flow probe (Model VE, Nihon Kohden, Japan) was placed around the root of the ascending aorta to measure aortic blood flow. The main pulmonary artery was exposed from the pulmonary valve to the bifurcation.
Blood flow velocity measurement
To measure the profile of blood flow velocity in the main PA, we used a custom-made stiff catheter with a KATS thermistor at the tip (Figure l) . The stiff catheter was 0.7 mm in diameter and 150 mm in length. A KATS thermistor was incorporated into the tip of the catheter and covered by a sharp stainless needle. The main PA was penetrated with the stiff catheter and flow velocity within the PA was determined by the temperature signal from the KATS thermistor. As described previously, I when a KATS thermistor is heated by a constant electric current, the relationship between its temperature (T) and blood flow velocity around it (v) can be approximated by, log T = a log v + b where "a" and "b" are constants for this particular thermistor defined by in vitro experiments (Figure 2 ). With this empirically obtained logarithmic equation, the flow velocity at a certain point within the PA can be calculated. The profde of flow velocity along that direc- tion can be obtained by moving the stiff catheter and the KATS thermistor in increments along a certain axis of the PA if pulmonary blood flow and cardiac output are unchanged during the procedure.
Protocols
The main PA was penetrated with the stiff catheter in two orthogonal directions (Figure 3 ): (1) in the short axis direction (n = 7), i.e., perpendicular to the blood flow direction in PA. The catheter was inserted from a point 1 cm distal to the pulmonary valve and advanced until the tip of the catheter reached the opposite vessel wall, and (2) in the long axis direction (n = 6), i.e., along the blood flow direction in PA. The catheter was inserted from a point 0.5 cm distal to the pulmonary valve and advanced until the tip reached the bifurcation of the PA. A purse-string suture was placed at the point of insertion to prevent bleeding. The wall-to-wall distance between the insertion point and the opposite vessel wall or bifurcation was measured by graduated 2.5 mm markers on the catheter. The catheter was pulled to the middle of the PA and the temperature of the thermistor was recorded to calculate the control mid-point flow velocity in that direction. The catheter was then advanced to the opposite vessel wall or bifurcation and gradually pulled out in increments of 2.5 mm toward the insertion point. The temperature of the thermistor was recorded at each point. Electrocardiogram, arterial pressure, and aortic blood flow were monitored to confirm that a steady state with an unchanged cardiac output 'was approximated during each procedure.
Data analysis
Flow velocity data were calculated from the temperature signal of the KATS thermistor according to the equation described above and presented as relative values against the control mid-point flow velocity value in each axis direction. The wall-to-wall distance along each direction was divided into five sections, i.e, S~ to $5 for the short axis, and Lj to L5 for the long axis. The flow velocity data within each section were grouped and averaged. Data from all dogs are expressed as mean -I-SD. Statistical comparisons were made by one-way analysis of variance (ANOVA) for repeated measures and Scheffe's test. An alpha error less then 0.05 was considered significant.
Results
The results from all dogs are summarized in Figure 4 and Figure 5 . Along the short axis, flow velocity was lower in S~ and $5 where the thermistor was very close to the vessel wall (P < 0.05), but uniform among the other three central sections. Along the long axis, flow velocity was lower in Ll, which was close to the bifurcation (P < 0.05). Flow velocity showed a small but statistically insignificant increase in L 5 close to the pulmonary valve. Flow velocity was uniform in the other three sections.
Discussion
Although measurement of cardiac output by thermodilution is common in clinical practice, 2-4 it has several limitations in the management of critically ill patients. It can provide only intermittent data, and frequent injections of cold saline may cause problems such as fluid FIGURE 4 Flow velocity profile in the main PA along the short axis direction (n = 7). Flow velocity data are presented as relative values against the control mid-point flow velocity value. The wall-to-wall distance along the axis was divided into five sections from S I to $5. S1 and S 5 represent the areas close to the left and right walls of the main PA, respectively. * P < 0.05, significantly different from the other three sections by one way ANOVA and Schefffe's tests. overload, hypothermia, or bacterial contamination. The KATS catheter was developed to overcome these limitations. 1 It is capable of continuous monitoring of cardiac output while fully preserving the function of conventional thermodilution. This system has been introduced into clinical practice and is now used in patients of all ages, from infants to adults, in Japan. The present study experimentally evaluated possible errors of the KATS catheter system due to movement of the catheter tip within the PA.
Our results showed that flow velocity within the main PA, as determined by thermodeprivation, is quite uniform, except in areas close to the vessel wall or valve. Several studies have measured the flow velocity profile of the PA. Reuben et al. reported that the velocity profde measured by the thin-fdm technique was flat in dogs, and was almost uniform with a slightly lower velocity close to the posterior wall in humans. 5 Paulsen utilized a hot-fdm anemometer in dogs and found that the velocity profde in the PA was approximately uniform with a slightly higher velocity near the posterior wall. 6 Our results are consistent with these findings which were derived by quite different techniques. The influence of rheological factors in the PA in a particular experimental condition, e.g., degree of acceleration or deceleration of flow, shape of the PA (converging, diverging, or curved), and blood viscosity, may explain the somewhat lower or higher flow velocities in the areas close to the vessel wall found in each study. 7 The results imply that movement of the KATS thermistor in most portions of the main PA would not produce large changes in the flow velocity signal, unless the thermistor closely approached the vessel wall, bifurcation, or valve. Several other factors may influence the overall accuracy of the KATS catheter system when it is used in actual clinical practice. Changes in body position, measurement of pulmonary wedge pressure, or acute injection of fluid via the catheter lumen may produce dislocation of the catheter. Changes in ventilation may produce changes in the cross-sectional area of the pulmonary vasculature. Although the influence of these factors remains to be evaluated by assessing tiffs system in clinical settings, the results of the present study strongly suggest that movement of the KATS catheter within the vessel would not substantially influence the accuracy of the system, as long as the thermistor is placed within the main PA.
